Abstract There is an increasing concern regarding the risk of anaesthetic neurotoxicity in children. Numerous animal and in vitro studies have demonstrated that general anaesthetics cause a variety of potentially harmful effects on the developing brain. An increased level of neuronal apoptosis is one such effect. In some studies, exposed animals have experienced long-lasting neurobehavioural changes. These effects occur at very specific stages of development and are dose-dependent. There are several plausible mechanisms for these deleterious effects; however, the exact mechanism remains unclear. Most importantly, histological and behavioral effects have been demonstrated in non-human primates. Human research evaluating the long-term effects of anaesthesia on brain development is limited and, to date, has been limited to retrospective observational cohort studies. The results of these studies have not been consistent, with some demonstrating an association between surgery and adverse neurobehavioral outcome and others showing no association. Furthermore, these cohort studies have numerous weaknesses and limitations. An ongoing randomized clinical trial aims to provide clear evidence regarding the clinical safety of anesthetics up to 1 h in neonates and older children.
Introduction
Numerous studies in animals have shown that general anaesthetic agents can cause apoptosis and other changes to neurons in the developing brain [1] . Several plausible mechanisms have been proposed to explain these effects. However, translating animal data to humans is fraught with problems, and the clinical relevance of these findings remains uncertain. In human clinical studies, there is mixed evidence for an association between exposure to anaesthesia in childhood and subsequent adverse neurobehavioral outcome. There are many limitations to these studies, which may explain the contradictory findings. At this stage, it is impossible to definitively know whether early exposure to anaesthesia holds any clinically relevant long-term risk for the brain.
Normal Development
The human brain undergoes a relatively long and complex development. The human brain doubles its size in the first year of life, and reaches 90 % of its maximum size by 6 years of age. The stages of development are: neurogenesis and proliferation, differentiation, synapse formation, and myelination. In some respects, the brain continues to develop throughout life; however, the rate of change is greatest in the fetus and early childhood. There are many trophic factors and receptors involved in development. GABA and NMDA are two of the receptors involved in normal development. Crucially, the morphology and function of receptors involved in development changes with age. This explains why particular drug effects may be observed during specific developmental periods.
The numbers of synapses and neurons halves during development. The number of synapses is greatest during infancy and decreases throughout childhood. The number of neurons is greatest in the developing fetus but decreases through the neonatal period and infancy. The loss of neurons occurs via apoptosis. Apoptosis, or cell suicide, is an organized energy-consuming process by which ''unwanted'' cells are removed from the organ. This contrasts with the more destructive ''excitatory'' process of cell death. Apoptosis involves chromatin aggregation, the condensation of cellular organelles, and the development of apoptotic bodies that are readily consumed by phagocytosis. Apoptosis may be triggered via two pathways: intrinsic and extrinsic. Both pathways, however, share a final common sequence that identifies an important marker of apoptosis: activation of the enzyme caspase 3 [2] . Many factors can trigger apoptosis including normal growth and development, diseases, and anesthetics. Apoptosis is the key to normal organ remodeling that occurs in all multicellular organisms. It explains how tadpoles lose their tails and how humans lose the webs between their fingers. Thus, the effects of other triggers on apoptosis must be understood in the context of the normal rate of apoptosis in the developing newborn.
Anaesthetics act on GABA and NMDA receptors. GABA and NMDA receptors are directly involved in cell proliferation, migration, cell survival, and dendritic maturation. The GABA and NMDA receptors are indirectly involved in the balance of activity and, thus, the generation of trophic factors that drive differentiation, growth, and apoptosis.
Effects Seen in Animal Studies
It is well known that the developing brain is vulnerable to external influences. Exposure to alcohol and antiepileptic drugs causes neurodevelopmental disorders such as the fetal alcohol syndrome. During the investigation of these exposures, it was noted that GABA agonists and NMDA antagonists can trigger accelerated apoptosis in the young rodent brain. In fact, blockade of NMDA receptors with MK801 resulted in widespread apoptosis in the brains of 7-day-old rats [3] . Subsequently, many other studies demonstrated accelerated neuronal apoptosis in newborn rodents after they were exposed only to general anaesthetics such as ketamine, propofol, nitrous oxide, sevoflurane, isoflurane, desflurane, and benzodiazepines, without any other insults [2, [4] [5] [6] [7] [8] [9] [10] . In rats, the effect of anesthetics on apoptosis was greatest in 5-7 day olds. Furthermore, more prolonged exposure to anesthetics as well as exposure to multiple anaesthetic agents in combination exacerbated the severity of the apoptosis.
Some studies have also demonstrated long-term cognitive and learning defects in the exposed animals, although this has not been a consistent finding [4, [10] [11] [12] . Interestingly, 4 h of 1 MAC of sevoflurane caused significant memory problems in rats; however, if they were housed in an enriched environment during their subsequent development, the memory performance was significantly better than those kept in normal cages in both exposed and nonexposed rats, to the extent that no difference could be detected between those exposed and those not exposed to anesthetics [13 • ]. This demonstrated that neurobehavioral development is multifactorial, and that anaesthesia exposure is likely just one of many important influences, some of which may be far greater than the anaesthesia exposure.
Most of the animal data were derived from rodents; however, data are also emerging in the non-human primate model. Increased apoptosis has been observed in monkeys during late gestation or at 5 days postnatal age after 24 h of ketamine, although no effect was observed in 35-day-old monkeys. Interestingly, the severity of the apoptosis after 3 h of ketamine in vulnerable monkeys was similar to that in the control group [14] , whereas in another study the severity after 5 h was significantly increased [15 •• ] . In followup studies, persistent learning deficits were documented in 5-day-old monkeys after 24 h of ketamine [16 •• ] . In these and other studies, the doses of ketamine that were used (20-50 mg/kg/h) were much greater than those used to anesthetize humans (5-10 mg/kg/h). It is important to understand that monkeys require relatively large doses of ketamine for any clinical effect. In these studies, ketamine caused more apoptosis in the fetus than in the neonatal animal. Isoflurane has been shown to cause more apoptosis in the newborn monkey than ketamine. As might be expected, apoptosis increased after 5 h of isoflurane [17 •• ] . These studies also found that accelerated apoptosis occurred in different areas of the brain when animals of differing ages were exposed to different anesthetics. This suggests that the clinical effects of anesthetics may vary with the age at the time of exposure and the anesthetic agent.
Although most general anesthetics have been shown to cause apoptosis, two anesthetics, Xenon and dexmedetomidine, are the exceptions to date [18, 19] .
Foetal and neonatal exposure to opioids, and in particular chronic exposure to opioids, have been associated with a variety of neuronal changes [20] . There are very few, if any, studies that have specifically examined whether or not short exposure to opioids results in apoptosis.
Mechanism of Anaesthesia-Induced Apoptosis
The exact mechanism by which anesthesia induces apoptosis is unknown. One theory holds that anesthesia causes relative inactivity that results in a loss of trophic factors, which in turn triggers apoptosis. This theory fits with the ''use it or lose it'' notion that we are born with an excess of neurons and synapses and that we trim those that are not active. There are some data to support this mechanism. Active axons normally release tPA and proBDNF [21] . The tPA cleaves plasmin to plasminogen which in turn converts proBDNF to BDNF. BDNF acts at the TrkB receptor on the dendrite to promote cell survival. If the axon is not active, proBDNF but not tPA, continues to be released. Without tPA, there is no plasminogen, and thus proBDNF is not converted to BDNF. The proBDNF acts on the p75 NTR receptor on the dendrite, which results in cell death.
It is possible that anesthesia induces inactivity via GABA receptors. However, against this argument, GABA receptors are excitatory at this phase of neurodevelopment. Also, giving a GABA antagonist with an anesthetic does not reduce the effect. If inactivity is the mechanism, then it is not simply via GABA activation [19] . This is reinforced by the observation that apoptosis occurs with anesthetics such as ketamine, even though they have no GABA activity.
Another suggested mechanism is based on the fact that glutamate may cause excitotoxic cell death via NMDA receptors. It has been suggested that anesthetic-induced NMDA blockade leads to acute upregulation of the NMDA receptor, and that when the anesthetic is removed, there is an increased risk of subsequent excitotoxic neurotoxicity via the upregulated NMDA receptors [22] . However, this argument is undermined by the observation that apoptosis occurs with agents that have no action on NMDA receptors (such as propofol), and also that apoptosis does not occur with agents such as Xenon which are known to be NMDA antagonists. It has also been observed that cell death can occur during the period of NMDA blockade. Lastly, both racemic and s-ketamine have similar degrees of toxicity [23] .
Effects Other than Apoptosis
General anesthetics have effects on the newborn brain apart from apoptosis. Propofol and inhalational anesthetics cause changes in dendritic spine morphology [24 • , 25-27] . In 5-and 10-day-old animals, anesthetics cause a loss of dendritic spines, while in 15-, 20-, and 30-day-old animals, it increases the number of dendritic spines. Changes in the neuronal cytoskeleton have also been observed, possibly via the p75 NTR receptor and subsequent RhoA activation [28] . Altered neurogenesis and abnormal re-entry into the cell cycle has also been observed [29, 30] . Lastly, anesthetics have been shown to impair mitochondrial function [31] . It is unknown if all these observed effects are linked with a common mechanism.
Translating Animal Data to Humans
It is difficult to appreciate the relevance of data obtained from animals to clinical scenarios in humans. There are many factors that make the translation of findings difficult. First, the age of exposure is difficult to interpret. A 5-to 7-day-old rat may correspond to a late trimester human foetus or a neonate, but this is by no means certain. Although apoptosis may be observed in 7-day-old rats, other dendritic changes may be observed over a far wider age in rodents. It is also difficult to translate the duration of exposure. Brain develops rapidly in a rodent, over a brief time frame. Several hours in the life of a rat may be synonymous with several weeks of life in a human. A toxic stimulus for what is a significant amount of time relative to the time required for a rat to develop may not be analogous to a toxic stimulus for a relatively brief period in the human. However, the difference between the anesthetic effects in rodents and humans is further complicated by the fact that the human brain is far more complex, and an injury during crucial periods of development may be far more significant, in the human. Alternatively, the human brain may have a greater capability of recovering after an injury. These issues remain unresolved.
Translating the neurobehavioral effects is also difficult. It is impossible to determine fine changes in behavioral domains in a rodent. Drug doses in rodents often differ from those in humans. Although the doses of inhalational anesthetics are similar across species, the doses of intravenous anesthetics in animals are much greater than in humans. Lastly, most experiments that were conducted in newborn rodents were not performed during a surgical stimulation or in the presence of inflammation. Some studies have reported no effect of surgical stimulation on apoptosis in the rodent model [13 • ], whereas others found that it attenuated the response [32] . This issue remains unresolved.
Infant rodents are also challenging to anesthetize. The experiments have a very high mortality. It is impossible to know if the oxygen saturation and cerebral perfusion in these experiments were optimal. In summary, the animal data that demonstrate increased apoptosis are concerning and the experiments are crucial if we are to understand the mechanisms and possible therapies to reduce anesthesiaassociated apoptosis. Human studies are needed to determine the relevance of these phenomena in the human clinical situations.
Clinical Evidence
Clinical research evaluated the effects of anesthesia on the developing brain, although the evidence is scarce and limited to retrospective observational cohort studies. Unfortunately, there are many limitations inherent in these studies including the influence of confounding variables, the difficulty in gathering detailed information about the surgery and anesthesia (exposure) and the difficulty defining the optimal neurobehavioral domain for follow-up (outcome).
The paediatric and neonatology literature is replete with evidence linking major surgery in infancy with an increased risk of adverse neurobehavioral outcome. Furthermore, children who underwent cardiac surgery or repair of esophageal atresia [33] , preterm infants who underwent a laparotomy or hernia repair [34, 35] as well as prematurity and sepsis themselves, increase the risk of poor neurobehavioral outcomes. Children with major malformations are at greater risk for chromosomal abnormalities. In many of these reports, a poor outcome may have resulted from a panoply of confounding variables, in addition to the anesthetic. The precise role of anesthesia in these complex cases is very difficult to tease out from among the multitude of variables. Neonatologists have also reported that undergoing even a minor surgical procedure increases the risk of a poor neurobehavioral outcome in otherwise healthy children [36, 37] .
More recently, several cohort studies assessed the risk of anesthesia in terms of neurobehavioral outcomes. In the first analysis, the presence of learning disorders using the local school system and the Reading Center/Dyslexia Institute was identified in 593 children from a retrospective birth cohort of 5,357 children from Olmsted County (Minnesota, USA), who were born between 1976 and 1982 and who received a general anesthetic before 4 years of age [38 • , 39, 40, 41 • , 42]. Using regression analyses to calculate hazard ratios (HRs) for anesthetic exposure as a predictor for learning disorders with adjustment for several confounding factors (gestational age at birth, sex, and birth weight) [41 • ], the authors found that a single exposure to anesthesia before 4 years of age was not associated with an increased risk for developing learning disorders [HR, 1.0; 95 % confidence interval (CI): 0.79-1.27]. However, multiple exposures to anesthetics increased the risk of learning disorders such that the HR for two anesthetics was 1.59 (95 % CI: 1.06-2.37) and for three of more anesthetics was 2.60 (95 % CI: 1.60-4.24). Furthermore, the risk for learning disorders was associated with a greater cumulative duration of anesthesia. However, this analysis suffered from several limitations. Other factors associated with learning disorders, such as the presence of syndromes and chronic diseases, are more likely to require multiple anesthesia. The authors attempted to correct for these factors by adjusting for the American Society of Anesthesiologist physical status, although this did not alter the results significantly. Additional confounding factors that may have affected the regression that were not included are family, genetic factors, and social economic status. Furthermore, 90 % of the children received halothane and nitrous oxide anesthesia, without monitors such as pulse oximetry and capnography, which are considered to be standards monitors today. These differences in practice since 1982 limit the generalizability of these studies to present clinical practice.
Three other analyses of the same population have been published [38 • , 40, 42] . To reduce the influence of confounders, 350 children who were exposed to anesthesia before 2 years of age were matched with 700 children who had not been exposed to anesthesia on the basis of risk factors that are known to influence the incidence of learning disorders (birth weight, gender, mother's education, gestational age, birth date ± 12 months) [38 • ]. Again, the exposure to multiple anesthetics (but not to a single exposure) was associated with and increased the risk of developing learning disorders (HR, 2.12; 95 % CI: 1.26-3.54) and a decrement in cognitive, memory subscale, and achievement in mathematics (California Achievement Test and Test of Cognitive Skills). The review identified an association between exposure to anaesthesia before 2 years of age and the development of attention deficit/hyperactivity disorder (ADHD) in the same population [42] . After adjusting for confounders, multiple exposures (HR, 1.95; 95 % CI: 1.03-3.71), but not single exposures (HR, 1.18; 95 % CI: 0.79-1.77) to anesthesia, were associated with an increased risk for ADHD. Many of the limitations in their initial study also apply to these later studies.
In a retrospective analysis of a birth cohort from 1999 to 2002 that were enrolled the New York Medicaid Program, the authors sought an association between anesthesia for inguinal hernia repair and the risk of developing behavioral and developmental disorders [43 • , 44] . They compared 383 children who had hernia repair before 3 years of age with a sample of 5,050 age-matched children without a history of hernia repair [43 • ]. After correcting for age, sex, and complicating birth-related conditions (such as low birth weight, perinatal hypoxia), children who had hernia repair were more than twice as likely to be diagnosed with a developmental or behavioral disorder (HR, 2.3; 95 % CI: 1.3-4.1).
To reduce the influence of confounders such as age, home environment, parenting style, educational systems, and neighborhood or ecological characters, researchers performed a nested case control study with twin siblings of the same database. Exposure was defined as anesthesia before 3 years of age and [44] . Amongst 10,450 twin siblings, there were only 138 twin siblings discordant for exposure. Amongst the 138, development or behavioral disorders were recorded in 11 siblings unexposed and 9 that were exposed, giving an odds ratio for adverse outcome of 0.9 (95 % CI: 0.6-1.4). Unfortunately, these numbers are too small to draw any conclusions. Looking at the entire twin sibling population, they found an increased risk for development and behavioral disorders when the children were exposed to anesthesia (HR, 1.6; 95 % CI: 1.4-1.8); increasing from 1.1 (95 % CI: 0.8-1.4) for a single exposure to 2.9 (95 % CI: 2.5-3.1) for two exposures and to 4.0 (95 % CI: 3.5-4.5) for three or more operations. However, both these studies have serious limitations. In both studies, the researchers used the administrative data of a health insurance with ICD-9 codes to determine exposure and outcome. The diagnosis of ADHD, and development and behavioral disorders may be affected by misclassification and underreporting. Moreover, Medicaid is a health insurance program for members of the lowest socioeconomic status in New York State, a population that is more likely to suffer from mental illness, reducing the generalizability of the results.
Academic performance was evaluated in 2,689 children who had hernia repair in infancy and who were compared with a randomly selected age-matched group of 14.575 children from a Danish birth cohort from 1986 to 1990 [45 •• ] . Those who were exposed to surgery scored worse than the control group (average score 0.26 lower; 95 % CI: 0.21-0.31). However, after correcting for sex, birth weight, parental and maternal age, and education, there was no difference in the academic performance between those exposed and unexposed to anesthesia (-0.04, 95 % CI: -z0.09 to 0.01). In a smaller but similar study using school records in the state of Iowa, USA, researchers examined children who had undergone surgery in infancy and who had no other risk factors for neurobehavioral delay [46] . The mean of their school test scores was similar to the population average; however, the exposed cohort did have a higher percentage of children who scored below the fifth centile.
As mentioned, the main limitation of these retrospective observational studies is the influence of known and unknown confounders. An option to correct for confounders such as education level of parents, socioeconomic status, and environmental and genetic factors is cohort research in monozygotic twins. In a study of monozygotic births in which the twin pairs were exposed to anesthesia before 3 years of age, those who received anesthesia scored lower on educational achievement and had more cognitive problems than those who were not exposed to anaesthesia [47 •• ] . However, there was no difference within twin pairs who were discordant for anesthetic exposure. This suggests that anesthesia at early age may be a marker for a child's vulnerability to develop later learning problems, although anesthesia per se does not appear to be a risk. However, this study also has some limitations. Details about the kind of surgery and anesthesia were omitted. It is possible that anesthesia was too brief to influence cognitive function. These data highlight several weaknesses in this area of research because neither the age at the time of exposure nor the duration of exposure to anesthesia has been firmly established. Cohort studies that include broad age ranges may not be relevant to anesthetic exposure in only the neonate. Similarly, failure to find an increased risk of neurocognitive dysfunction after a brief exposure to anesthesia does not preclude an increased risk after a greater exposure. Another limitation in the cohort studies is which neurobehavioral outcome should be studied? Examining broad composite scores such as school performance may miss deficits in sub-domains of neurobehavioral activity. However, performing multiple tests is logistically difficult and assessing multiple tests increases the risk of a Type I statistical error. A study in West Australia used an established pregnancy cohort (the Raine cohort), which included 2,608 children who had extensive neurobehavioral testing by 10 years of age [48] . The 321 children who were anesthetized before the age of 3 years were more likely to have problems in receptive and expressive language and cognition compared with those who had not been anesthetized. This study may be of limited relevance since many of the children who received anesthesia only had ear tube surgery. This surgery usually lasts less than 5 min and is often performed in children who are at increased risk for language delay.
Future Clinical Studies
In order to reduce the influence of confounding variables, an ambi-directional sibling matched cohort study is currently enrolling patients. Approximately 500 ASAs 1 and 2 physical status children will receive a single general anesthetic for inguinal hernia surgery before 3 years of age. They will be matched with an unexposed sibling from a retrospective database. Participants will be evaluated prospectively with an extensive neuropsychological battery between age 8 and 15 years [49] . The scale of the study, the presence of detailed information about anesthesia, and the extensive test battery will allow detailed analyses of the relationship between timing of anesthesia and neurocognitive deviation.
Ideally, to determine the influence of anesthesia, without the confounding effect of surgery and pathology, on neurocognitive development, one should randomize children between anesthesia and no anesthesia, with or without surgery. Such a factorial design is impossible because of ethical considerations. A randomized clinical trial that compares general anesthesia with regional (spinal) anesthesia (the GAS study) is one plausible alternative [50] . However, such prospective trials are expensive to complete and slow to generate results. The results of this study will only be available when all the children have been recruited and followed for up to 5 years. One criticism of this study is that, since hernia repair is a minor procedure, the results of the GAS study may only be generalizable to anesthesia for minor procedures that are limited to 1 h. However, since the majority of procedures in children last less than 1 h, the results of this study may be very important in establishing some metrics for the safety of anesthesia in the majority of children who undergo surgery.
Conclusion
Given the problems thus far of translating the animal data to humans and the weaknesses in the clinical studies of neurocognitive dysfunction in children who were anesthetized at a young age, it is difficult to speculate how such research should affect clinical pediatric practice. Pediatric anesthesia societies and regulatory authorities agree that the published animal data are concerning and that exposure to anesthesia may be related to poor outcomes in certain circumstances. One federal agency has called for a moratorium on elective surgery in children less than 3 years of age, even though they concede there is no causality between administering anesthetics and neurocognitive dysfunction in humans [50] . Evidence has shown that stress and pain cause neurobehavioral changes in children. Withholding anesthesia or analgesia may exacerbate these changes. Similarly, children rarely undergo totally elective procedures, so that delaying surgery may raise the risk of complications from the uncorrected surgical defect. Finally, the evidence is very clear that anesthesia in infants less than 1 year of age carries with it a high risk of morbidity and mortality. Changing established and safe techniques would be unwise without good evidence that outcome will be improved.
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